mM; M12, 100 min, 70ЊC, 0.52 mM) was determined by XPS these applications, those sulfides are deposited on some spespectra od Cd 3d 5/2 , Zn 2p 3/2 , and O 1s electrons, for the three cific substrate; this can be done by physical high-vacuum samples. The sequence of variation of the Zn/Cd ratio of M3, M8, techniques, but it is also possible to attach a thin film by and M12 particles agrees qualitatively with that found by atomic precipitation from solution (the so-called ''chemical bath absorption or EDX; the fact that no detectable Cd is found in deposition'') as fine colloidal particles. In such a case, both sample M12 suggests that the particles have a nonhomogeneous the shape and the particle size distribution play an important composition that changes from the core to the surface layer. The role in the material processing as well as in the final product analysis of O 1s electrons allows to reach the conclusion that the properties. For instance, it has been found that particle size surface oxidation changes in the order M3 ú M8 ú M12, i.e., the affects the brightness and the voltage in screens and solar particles are more oxidized the larger the amount of cadmium on cells, respectively (3, 4). their surface. This is confirmed by electric conductivity determinaIn this work we will focus on mixed compounds, which tions in aqueous suspensions of the samples, both in the presence of natural light and in the dark, as a function of time. These data, have received much attention recently; in particular, methods together with crystal structure determinations by XRD, suggest have been devised for their obtention as colloidal particles that, when the growth temperature is 50-60ЊC, the particles con-homogeneous in shape and size (5). Let us mention, for tain a ZnS (sphalerite) nucleus covered by a layer of mixed, hexag-their relevance for this article, Zn/Cd, Cd/Pb (6), or Zn/ onal Zn-CdS and a surface layer of cubic ZnS. When the aging Ag (3) sulfides and Cd/Ni phosphates (7). temperature is 70ЊC, the ZnS core is surrounded by a shell con-
. In many of 0.52 mM Cd 2/ in the growing solution; M8, 100 min, 60ЊC, 0.52 mM; M12, 100 min, 70ЊC, 0.52 mM) was determined by XPS these applications, those sulfides are deposited on some spespectra od Cd 3d 5/2 , Zn 2p 3/2 , and O 1s electrons, for the three cific substrate; this can be done by physical high-vacuum samples. The sequence of variation of the Zn/Cd ratio of M3, M8, techniques, but it is also possible to attach a thin film by and M12 particles agrees qualitatively with that found by atomic precipitation from solution (the so-called ''chemical bath absorption or EDX; the fact that no detectable Cd is found in deposition'') as fine colloidal particles. In such a case, both sample M12 suggests that the particles have a nonhomogeneous the shape and the particle size distribution play an important composition that changes from the core to the surface layer. The role in the material processing as well as in the final product analysis of O 1s electrons allows to reach the conclusion that the properties. For instance, it has been found that particle size surface oxidation changes in the order M3 ú M8 ú M12, i.e., the affects the brightness and the voltage in screens and solar particles are more oxidized the larger the amount of cadmium on cells, respectively (3, 4) . their surface. This is confirmed by electric conductivity determinaIn this work we will focus on mixed compounds, which tions in aqueous suspensions of the samples, both in the presence of natural light and in the dark, as a function of time. These data, have received much attention recently; in particular, methods together with crystal structure determinations by XRD, suggest have been devised for their obtention as colloidal particles that, when the growth temperature is 50-60ЊC, the particles con-homogeneous in shape and size (5) . Let us mention, for tain a ZnS (sphalerite) nucleus covered by a layer of mixed, hexag-their relevance for this article, Zn/Cd, Cd/Pb (6), or Zn/ onal Zn-CdS and a surface layer of cubic ZnS. When the aging Ag (3) sulfides and Cd/Ni phosphates (7). temperature is 70ЊC, the ZnS core is surrounded by a shell con-
The synthesis procedure most often followed is chemical taining cubic ZnS and amorphous CdS. The surface electrical precipitation, starting from homogeneous solutions of salts of the metals desired (5) . The characteristics of the particles 1 To whom correspondence should be addressed. by many variables, including relative composition of the in polyethylene bottles in a dark, refrigerated chamber, to avoid the photooxidation of the particles. metal cations in the starting solutions, temperature and pH of the synthesis medium, or aging time of the solutions.
The bulk chemical composition was obtained by atomic absorption (Instrumentals Laboratory, model M-357, USA), The colloidal particles obtained are interesting not only because of their potential applications; rather, their surface whereas the crystal structure of the particles was investigated by X-ray diffraction in a Philips PW 1710 diffractometer. and bulk structure can be very variable, depending on the synthesis conditions and on the specific metals forming the Surface analysis was carried by EDX microanalysis (Carl Zeiss DSM 950 SEM, Germany): this method yields inforparticles. For instance, they can be internally inhomogeneous, presenting a layered structure, their surface may be mation about the atomic composition in a region similar to the diameter of the electron beam (0.1-10 mm) and £500 enriched in one of the cations and depleted in the other, and so on. Clearly, the properties of these dispersions affected Å in depth. Depending on the energy of the electrons, the sensitivity of EDX can be estimated as {0.5% (10) . by the surface composition will change accordingly.
The aim of this work is to study the relationships between A different technique was also used for the surface analysis of the particles, namely XPS (Leybold-Heraeus, LHSthe surface electric (electrokinetic) properties of mixed zinc-cadmium sulfide particles (obtained following the 10): this method provides a more precise information on the surface (it only reaches the first few atomic layers) on methods developed by Wilhelmy and Matijevic, ref. (6)), with their bulk and surface structure and chemical composi-a larger area (several mm 2 ). The binding energy of Zn 2p 3/ 2 (1021.7 eV) was used to correct the rough spectra. tion. Particular attention will be paid to the molar ratio Zn/ Cd on the surface and to the degree of surface oxidation of Electric conductivity measurements were used to analyse the photooxidation of the samples. They were performed at the samples. Similar studies have been reported on other metal sulfides such as galena (8) or ZnS (9) .
25.0 { 0.1ЊC with a Crison 525 conductivity meter (Crison Instruments, Spain) working at 3.8 kHz.
The electrokinetic properties of the suspensions were ana-
EXPERIMENTAL
lyzed by electrophoresis using a Malvern Zetasizer 2c (Malvern Instruments, England); the experimental accuracy of A. Materials electrophoretic mobility determinations was always better than 5%, as estimated from the standard deviation of at least As above mentioned, the synthesis of spherical particles nine independent measurements. The mobility was deterof mixed Zn-Cd sulfides was carried out with the method mined at 25.0 { 0.5ЊC. described by Wilhelmy and Matijevic (6) . Briefly, the method has two stages, namely, nucleation and growth. In the first stage, small (õ50 nm) ZnS seeds are obtained by
RESULTS AND DISCUSSION
keeping for 5 h, in a thermostated water bath at 26.0 { 0.1ЊC, a solution containing 24 mM Zn(NO 3 ) 2 / 110 mM A. Particle Size and Shape thioacetamide (TA) / 62 mM HNO 3 in 250 cm 3 Pyrex Transmission electron micrographs have been used to gain flasks. The second stage consists in the addition to these information about the geometrical characteristics of the parseed suspensions of different volumes of a 20 mM Cd(NO 3 ) 2 ticles. Figure 1 shows the pictures obtained with three represolution to a final cadmium nitrate concentration of 0.52 or sentative samples: M3, M8, and M12 (see Table 1 ). As 1 mM. The suspensions are then maintained at constant observed, the particles are approximately spherical in shape, temperature (50, 60, or 70ЊC) for 50 or 100 min; these and it can be clearly appreciated that they are formed by different conditions yield 12 samples, which are described aggregates of much smaller particles. This fact should give in Table 1 (this table also includes their average particle rise to a relatively high porosity of the solids, as in fact size; we will return to this below).
demonstrated by specific surface area determinations All chemicals were analytical grade, and we used them (Quantasorb Jr, Quantachrome, USA); thus the surface areas as supplied by Merck (Germany) or Panreac (Spain). Only were found to be 40 (M3), 20 (M8), and 19 m 2 /g (M12), thioacetamide was purified by recrystallization in spectrowhereas the corresponding values assuming flat spheres of scopic benzene. The water used was doubly distilled and the diameters indicated in Table 1 would be 23 (M3), 11 deionized and filtered in a Milli-Q Reagent Water System (M8), and 8.8 (M12) m 2 /g. As observed, there is a factor (Millipore, USA).
of Ç2 between measured and calculated surface areas, which can be considered as a qualitative assessment of the porosity B. Methods of the particles. Using a sufficient number of pictures, the diameters of The suspensions were first cleaned by repeated cycles of centrifugation and redispersion in water, until the conductiv-between 200 and 300 particles were measured to obtain the average diameters, D p , included in Table 1 . A polydispersity ity of the supernatant was Ç2-3 mS/cm. They were kept index, PI, obtained as the ratio between weight-average di-fects the characteristics of the final particles. For a given temperature, AA data show that a decrease in the concentraameter, d w , and number-average diameter, d N , has also been included in the table. Both the values of the polydispersity tion of Cd(NO 3 ) 2 gives rise to a larger Zn/Cd molar ratio: index and the simple inspection of Fig. 1 show that the compare the pairs M1 / M2 } M3 / M4 (50ЊC), M5 / particles are moderately polydisperse. From these diameters, M6 } M7 / M8 (60ЊC), and M9 / M10 } M11 / M12 some correlation can be found between particle size and (70ЊC). EDX microanalysis does not seem to be so sensitive aging temperature, T a . Thus, when T a Å 50ЊC, D p ranges to these variations; furthermore, it does not provide the combetween Ç50 and 60 nm; for T a Å 60ЊC, D p Ç 100-130 position of the whole particles except for the case of sample nm, and, for the highest temperature, T a Å 70ЊC, D p Ç 150-M12. These results confirm that the growth of the particles 200 nm.
occurs by precipitation of ZnS once the amount of Cd 2/ These trends can be qualitatively justified: for the low T a available has been exhausted: it must be kept in mind that samples (M1-M4), the diameter is little larger than that CdS is more insoluble that ZnS, and hence its precipitation of pure ZnS seeds; this suggests that the amount of TA is thermodynamically favored against that of ZnS (pK s (ZnS, decomposed is too small (because of the relatively low aging sphalerite) Å 23.8; pK s (CdS) Å 26.1) (11). This is contemperature) to provide the necessary sulfide concentration firmed by the effect of aging time: the comparison of AA that would allow the particles to grow. As discussed below, data for samples M1 } M2, M3 } M4, M5 } M6, and so samples M1-M4 have the lowest surface Zn/Cd molar ratio, on, shows that the longer the growth time the larger the bulk indicating that after complete exhaustion of the available proportion of zinc in the particles. Cd 2/ ions, there is no possibility of further growth of ZnS (b) Surface chemical composition by XPS. AA and on the particles because of the low sulfide ion concentration. EDX data in Table 2 show that it is possible to obtain mixed With the same arguments it can be explained that samples sulfides in a wide range of relative zinc/cadmium composi-M5-M12, obtained at 60 or 70ЊC, have diameters up to tions. A more complete analysis (as well as an electrokinetic three times as large as samples M1-M4: the larger extent study) will be carried out with three samples (M3, M8, and of TA decomposition provides the possibility of growth of M12 in Tables 1 and 2) sulfides, since all of their surface properties, electrokinetics, composition, expressed as the Zn/Cd molar ratio, as deduced oxidation, reactivity with different chemical species, etc., from atomic absorption (AA: bulk composition) and EDX will be determined by the structure and composition of the microanalysis (surface composition; probed depth £ 500 Å ) first few atomic layers. of the 12 samples is given in Table 2 . Both techniques show
The XPS spectra of Cd 3d 5 / 2 electrons are shown in Fig.  that increasing the aging temperature yields particles that 2 for the three samples. The figure also includes Gaussian are more enriched in Zn. As before, it is the temperature of the second stage of the synthesis the variable that most af-deconvolution of the spectra: each of the Gaussians repre- Table 1 ). Bar length, 100 nm. should not be excluded, since because of their aqueous solubility they might have been removed from the samples. SimiThe carbon content of the samples has probably a double lar conclusions could be reached regarding the Cd 3d 5/2 origin: most of it must be due to contamination during ma-peak. nipulation in laboratory environment. The second source can
In conclusion, the three techniques used (Tables 2-4) be associated to the presence of cadmium carbonate (see point to the following coherent description of the structure Tables 4 and 5 ). In fact, XPS analysis of other metal sulfides of the particles from inside to outside: (i) a ZnS core; (ii) (PbS, ref. (8), ZnS, ref. (9)) similarly demonstrated the a layer of mainly CdS; and (iii) an external layer where the existence of carbonates on the surface. majority compound is ZnS, more oxidized the larger the Concerning the sequence of variation of the Zn/Cd ratio amount of CdS present. of the particles, a comparison between Tables 2 and 3 shows C. Crystal Structure: X-Ray Diffraction that it coincides qualitatively with that obtained by AA and EDX, although XPS data show that sample M12 has no
The crystallinity and crystal structure of the samples were detectable Cd on its surface. As mentioned before, the parti-analyzed by X-ray diffraction, and the peaks obtained are cles have a nonhomogeneous composition, that changes from shown in Table 6 . We performed a comparison of this difthe core to the surface layer. fraction pattern, with those of a large number of existing The oxygen contents suggests that the amount of surface standards of mixed Cd-Zn sulfides, ranging from pure CdS oxidation decreases from sample M3 to M12; this is in agree-to pure ZnS. Table 7 contains the characteristics of the stanment with the sulfur composition, since when S 20 ions oxi-dards that most closely approach our experimental data of dize, the resulting species are S 0 , sulfates and thiosulfates Table 6 . A qualitative description of the crystal structure of (8, 9, 12, 13) which disappear from the sample either by the particles can be given considering the data in these Tavaporization in the high vacuum of the XPS sample chamber bles. Thus, sample M3 contains significant amounts of ZnS (S 0 ) or dissolution in the aqueous medium. The oxidation (sphalerite) cubic crystals and of hexagonal crystals similar process is favoured when the sample is richer in CdS, since to standard 3 (Cd 7.23 Zn 2.77 S 10 ). In sample M8, both ZnS cadmium sulfide is more photooxidable than ZnS (14): and standard 2 (Cd 8.05 Zn 1.95 S 10 ) peaks can be distinguished, hence sample M3 (larger Cd amount) should be more oxi-whereas sample M12 shows only zincblende characteristic dized than sample M8 and M12, as observed.
peaks: we have compared the diffractogram of that sample The spectral deconvolution of the peaks corresponding to with all the available standards and were not able to find Cd, Zn, S, and O electrons is detailed in Table 4 , where we any matching. We have thorougly described the different relative amounts of CdS and ZnS in samples M3, M8, and M12. It is well known that CdS can be easily oxidized in the presence of visible light (14). Measuring the conductivity of the suszinc; it is thus reasonable to have higher Zn 2/ contents close to the surface of the particles.
pensions as a function of time in the presence and in the absence of light may be an indirect, rough, checking of the (ii) When the growth stage takes place at higher temperatures (sample M8; 60ЊC), the overal proportion of Zn 2/ in chemical composition of the materials. Such measurements were performed with samples M3, M8, and M12, and the the material increases: hexagonal crystals (primarily, CdS) coexist with cubic zincblende, as demonstrated by XRD. results are plotted in Fig. 3 (suspensions in laboratory environment, without any light protection) and in Fig. 4 (suspen-(iii) For sample M12 (70ЊC) only sphalerite is detected as crystalline material: the CdS present must be amorphous. sions kept in the dark). These figures also include the conductivity of colloidal spheres of ZnS (320 nm in diameter, Apparently, at this relatively high temperature the sulfides precipitate rather fast (excess S 20 is rapidly generated be-and specific surface area of 40 m 2 /g) and CdS (780 nm; 4.6 m 2 /g) (9, 16) . The pH of the suspensions was between cause of the decomposition of TA), thus hindering the formation of a Zn-Cd mixed lattice. Actually, there seems to 5.5 and 6.0 in all cases, and no electrolyte was added. The particle concentration was Ç1.2 1 10 11 cm 03 (0.01 mol/ be no time for the formation of CdS crystallites, and only amorphous cadmium sulfide is present. liter), for the five suspensions measured. As shown in these Figures, the increase in electrical conductivity (a measure Briefly, the internal structure of the particles appears of particle decomposition), is quite small in the absence of to be: light (Fig. 4) , but it is most significant for pure CdS, and for the samples M3 and M8, that is, for the colloidal particles (a) for aging temperatures of 50-60ЊC, a ZnS (sphaler- Note. The data correspond to binding energy/percent of the total peak area, for each Gaussian. F. Electrokinetic Characterization containing the highest amounts of cadmium. On the contrary, when light is allowed to come into contact with the suspen-(a) Indifferent electrolytes. In previous works (9, 16), the electrokinetic properties of spherical colloidal particles sions, the conductivity increases by up to two orders of magnitude in 15 days. The main effect is observed for sample of ZnS and CdS, obtained by a similar method to that described in this work (6, 17) were thoroughly investigated M3 (high Cd 2/ content and surface area), whereas M8 behaves similarly to pure CdS, and, as expected, the decompo-by electrophoresis. In those works it was found that the electrophoretic mobility, m e , reaches a zero value (isoelectric sition of sample M12 is almost identical to that of zinc sulfide.
point, or iep) for pH 5.5 (ZnS) and õ Ç2 (CdS, see also basic values. Interestingly, sample M12, the least oxidizedand richest in Zn 2/ -shows a pH iep very close to that characteristic of ZnS spheres (9) .
The electrophoretic mobility of the samples was also measured as a function of pH in solutions containing 10 02 M NaNO 3 , another electrolyte often considered indifferent for the solid/solution interface. These measurement were suggested by previous findings that NO 0 3 anions are oxidant for the CdS surface (16) , and provoke a shift of the pH iep of cadmium sulfide particles toward higher pH values. The results obtained with samples M3, M8, and M12 closely resemble those presented in Fig. 5 and will not be shown here for the sake of brevity: we think that the mixed sulfides are sufficiently oxidized in their synthesis so that NO 0 3 does not provoke any further surface reactions.
(b) Lattice ions. The effect on the electrophoretic mobility of ZnS or CdS particles of ions forming part of the crystal structure (Zn 2/ , Cd 2/ , S 20 , or HS 0 , for pH £12) of the particles has been thoroughly studied in the literature (9, 12, (18) (19) (20) (21) . Since our mixed samples might respond, in their electric surface properties, to any of such ions, it seems of interest to consider how m e changes in solutions containing them.
Thus electric charge of the particles can be inferred from these ref. (21)). It could be expected that the pH corresponding to the isoelectric point (pH iep ) of the mixed sulfides M3, M8, and M12 would be in between those two values. Figure  5 shows the variation of m e with the pH of the NaCl 10 (8, 9) , obtained with galena and ZnS particles, convincingly demonstrated that the larger the oxidation degree of the surface the higher the pH iep shift to more basic values. In order to check if this argument also holds for our mixed sulfides, Fig. 5 also includes the electrophoretic mobility of the corresponding oxides, that is, ZnO and CdO, with pH iep É 9.2 (ZnO) and É 11.5 (CdO). As observed, the value of pH iep of sample M3 is very similar to that of ZnO, whereas the isoelectric point of CdO is far above that of any of the samples.
In order to understand these results, let us remember that the oxidation of the particles (and their Cd 2/ contents) changes in the order M3 ú M8 ú M12; this is the same sequence of variation of their pH iep , thus confirming the positive values than in the absence of zinc cations: Zn 2/ adsorbs increasingly on the particles even though they electrostatically repel each other for the whole range studied. Similar results were obtained when the electrolyte was Cd(NO 3 ) 2 , as shown in Fig. 9 .
